Azimuthal angle dependence of the charge imbalance from charge
  conservation effects by Bozek, Piotr
Azimuthal angle dependence of the charge imbalance from charge conservation effects
Piotr Boz˙ek∗
AGH University of Science and Technology, Faculty of Physics and
Applied Computer Science, al. Mickiewicza 30, 30-059 Krakow, Poland
(Dated: October 5, 2018)
The experimental search for the chiral magnetic effect in heavy-ion collisions is based on charge
dependent correlations between emitted particles. Recently, a sensitive observable comparing event-
by-event distributions of the charge splitting projected on the directions along and perpendicular to
the direction of the elliptic flow has been proposed. The results of a 3+1-dimensional hydrodynamic
model show that the preliminary experimental data of the STAR Collaboration can be explained
as due to background effects, such as resonance decays and local charge conservation in the particle
production. A related observable based on the third order harmonic flow is proposed to further
investigate such background effects in charge dependent correlations.
I. INTRODUCTION
The possibility of creating topological domains with a
non-zero topological charge in the dense matter created
in heavy-ion collisions has been proposed [1–3]. In the
presence of a magnetic field, as in the early stages of the
collision, this would induce an event-by-event charge sep-
aration between emitted particles, the chiral magnetic ef-
fect. The charge splitting between same-sign and unlike-
sign pairs in a specific correlator has been proposed as a
sensitive observable to discover the presence of topologi-
cal domains [4].
The chiral magnetic effect has been searched for ex-
perimentally in heavy-ion collisions [5–9]. One observes
a charge dependence in two-particle correlations with re-
spect to the second order harmonic flow. On the other
hand, many of these observations are quantitatively ex-
plained as due to standard charge correlations present
in particle production [10–13]. The simplest example of
such correlation is given by the correlation between decay
products of resonances. The phenomenon is generic and
any particle formation mechanism should obey charge
conservation constraints. Local charge conservation leads
to correlation between unlike-signed particles in phase-
space [14]. As a result two-particle correlation in rapid-
ity and/or azimuthal angle show a definite charge depen-
dence [15–17].
Recently, a new observable has been proposed as a
measure of charge dependent splitting along the direc-
tion of the magnetic field. The event-by-event distribu-
tion of the charge splitting projected on the direction of
the magnetic field (perpendicular to the elliptic flow di-
rection) is compared between real events and events with
randomized charges [18]. A more sensitive observable
is constructed as the ratio of the event-by-event distri-
butions of charge splitting perpendicular and along the
direction of the elliptic flow [19]. It has been noticed
that the effect observed in preliminary data of the STAR
Collaboration [20] is qualitatively different from models
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without a chiral magnetic effect.
In this paper I calculate the distribution of the charge
splitting in a 3+1-dimensional hydrodynamic model for
A+A and p+Pb collisions. I show that in simulations in-
volving correlations between charged particles from res-
onance decays or local charge conservation [17] the ex-
perimental data are qualitatively reproduced, i.e. the
charge splitting distribution is wider out-of-plane than
in-plane. A similar observable is proposed involving the
third order event-pane. In this new observable any charge
dependence of the correlations comes solely from the tri-
angular flow, without any contribution from the chiral
magnetic effect. This observable could give as an addi-
tional test of possible background effects in the search for
QCD topological domains in heavy-ion collisions.
II. EVENT-BY-EVENT DISTRIBUTION OF
THE CHARGE SPLITTING
Simulations are performed in a 3 + 1-dimensional vis-
cous hydrodynamic model [21, 22]. After the expansion
of the fireball, particles are emitted statistically from the
freeze-out hypersurface, defined as the surface of constant
temperature T = 150 MeV. In the standard implementa-
tion, particles are emitted independently [23]. For par-
ticles directly emitted from the freeze-out hypersurface
(primordial particles) no charge dependent correlations
are present. Charge correlations are build in only from
subsequent decay of resonances. In the model with local
charge conservation particles are emitted in pairs from
the same fluid element, a particle and the correspond-
ing antiparticle. The particle and antiparticle share the
common flow velocity of the fluid and have an indepen-
dent thermal component of the momentum. This simple
model encompasses the collimation effect between oppo-
site charges from the collective flow [17].
The calculation of the correlation sensitive to the chiral
magnetic effect requires a large statistics. In the follow-
ing I show selected centralities for Pb+Pb collisions at√
s = 2760 GeV and p+Pb collisions at
√
s = 5020 GeV,
both using a quark Glauber Monte Carlo model for
the hydrodynamic initial conditions [24], as well as for
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FIG. 1. (color online) The correlator R(∆S) (Eq. 4) for
Pb+Pb collisions at
√
s = 2760 GeV with 0− 5% (panel (a)),
30−40% (panel (b)), and 70−80% centrality (panel (c)). The
dotted lines denote the results for primordial particles only,
with no charge dependent correlations. The dashed lines rep-
resent the results of the simulations including particles from
resonance decays. The solid lines represent the results of the
model with local charge conservation and resonance decays
included. For clarity, in all figures statistical errors are shown
only for one of the calculations.
Au+Au collisions at
√
s = 200 GeV using a nucleon
Glauber model for initial conditions [22]. All the cal-
culations are performed in two versions, one with charge
-0.6 -0.4 -0.2 0 0.2 0.4 0.6
1
1.1
1.2
1.3
1.4
p+Pb   5020GeV   0-3%
hydro+LCC+resonance
hydro+resonance
hydro
 S∆
 
S)
∆
R
(
FIG. 2. (color online) Same as in Fig. 1 but for p+Pb colli-
sions at
√
s = 5020 GeV with centrality 0− 3%.
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FIG. 3. (color online) Same as in Fig 1 but for Au-Au colli-
sions at
√
s = 200 GeV and centrality 30− 40%.
correlations from resonance decays only and the other
including also the local charge conservation effect. The
details of the initial conditions and of the hydrodynamic
modeling are not essential for the present study as long
long as the spectra and the average harmonic flow coeffi-
cients are reproduced. The charge splitting background
effects discussed in this paper involve phenomena hap-
pening at the freeze-out and after. The hydrodynamic
evolution is needed to obtain a realistic freeze-out hy-
persurface and flow. Alternatively, a simple blast-wave
ansatz has been successfully used instead [12].
The chiral magnetic effect leads to a charge separation
along the direction of the magnetic field. As the direction
of the magnetic field is perpendicular to the direction of
the second order event plane Ψ2, the presence of topolog-
ical effects should lead to an increase of the magnitude
of the charge splitting projected on a direction perpen-
dicular to Ψ2 [18]
∆S =
∑p
i=1 sin(φi −Ψ2)
p
−
∑m
i=1 sin(φi −Ψ2)
m
. (1)
3The sums go over all the p positive and m negative
charges in the acceptance region (η| < 1 , 0.15 GeV<
p⊥ < 2 GeV). The magnitude and the sign of ∆S vary
from event to event. The distribution N(∆S) of ∆S
is constructed. From real events reshuffled events are
generated by reshuffling the charges of particles in the
acceptance region. The corresponding distribution is
Nsh(∆S). The ratio of the two distributions is
C(∆S) =
N(∆S)
Nsh(∆S)
. (2)
The same ratio is constructed for the charge splitting
projected on the direction perpendicular to the magnetic
field
∆S⊥ =
∑p
i=1 cos(φi −Ψ2)
p
−
∑m
i=1 cos(φi −Ψ2)
m
, (3)
with the corresponding correlation C⊥(∆S⊥). Finally,
the correlator involving the ratio of the two correlations
is calculated [19]
R(∆S) =
C(∆S)
C⊥(∆S)
. (4)
The authors of Ref. [19] notice that in a model with a
chiral magnetic effect and in the preliminary STAR data
R(∆S) has a convex shape, while in other models studied
it has a concave shape.
The correlator R(∆S) in Pb+Pb collisions is shown
in Fig 1. In all panels three results are compared, one
using a model with local charge conservation and res-
onance decays, one from a model with resonances only,
and one from a model where only primordial particles are
taken. In the calculation the second order event-plane
direction Ψ2 is reconstructed from combined events, in-
volving many statistical events generated from the same
freeze-out hypersurface. Thus the event plan resolution
is close to one. However, the charge splitting ∆S (Eq. 1)
is calculated from real events with a realistic multiplicity.
As expected, primordial particles show no charge de-
pendent correlations. The other two calculations show a
convex shape for the function R(∆S). The model with
local charge conservation shows a stronger charge depen-
dence of the correlator than the model with resonances
only, except for the centrality 0− 5% where the two are
compatible within errors. The convex-like deviation of
the correlator R(∆S) from 1 is the strongest in semi-
central and peripheral collisions. Due to the elliptic flow,
the azimuthal dependence of the fluid flow velocity is
the strongest in these cases. The stronger the flow the
more collimated are opposite-charged particle pairs from
resonance decays and from the local charge conservation.
Qualitatively, similar results are obtained for p+Pb (Fig.
2) and Au+Au collisions (Fig. 3). The range of ∆S in-
creases with decreasing average multiplicity in the events.
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FIG. 4. (color online) In- and out-of-plane charge imbalance
distributions for Au+Au collisions at
√
s = 200 GeV and
centrality 30− 40%.
III. DISTRIBUTION OF THE CHARGE
IMBALANCE IN- AND OUT-OF-PLANE
The STAR Collaboration presented a related study,
comparing the distribution of the charge imbalance in the
directions in- and out-of-plane [9]. The in-plane charge
imbalance is defined as
∆Qin = QI −QIII , (5)
where QI and QIII denote the total charge of particles
registered in the quadrants Ψ2 − pi4 < φ < Ψ2 + pi4 and
Ψ2+
3pi
4 < φ < Ψ2+
5pi
4 . Analogously for the out-of-plane
direction
∆Qout = QII −QIV , (6)
where QII and QIV denote the total charge of particles
registered in the quadrants Ψ2 +
pi
4 < φ < Ψ2 +
3pi
4 and
Ψ2 +
5pi
4 < φ < Ψ2 +
7pi
4 .
The event-by-event distributions of the charge imbal-
ances ∆Qin and ∆Qout are shown in Fig. 4. The in-plane
charge imbalance is narrower than the out-of-plane one.
The relative difference of the rms values for the two dis-
tributions
RMSout −RMSin
(RMSout +RMSin)/2)
= 0.022 (7)
is close to the experimental value 0.019 [9].
IV. CHARGE SPLITTING DISTRIBUTION
WITH RESPECT TO THE THIRD ORDER
EVENT PLANE
The azimuthal asymmetry of the collective flow con-
tains a third order component, the triangular flow. The
charge dependent correlations depend on the flow and
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FIG. 5. (color online) Same as in Fig. 1 but for the third
order event plane (Eq. 10).
should exhibit a modulation with respect to the angle of
the third order flow component Ψ3. The directions of the
minimal flow are located at Ψ3± pi3 and Ψ3 +pi. The pro-
jection of the charge splitting on the direction of minimal
flow can be defined as
∆S3 =
∑p
i=1 sin
(
3
2 (φi −Ψ3)
)
p
−
∑m
i=1 sin
(
3
2 (φi −Ψ3)
)
m
(8)
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FIG. 6. (color online) Same as in Fig. 5 but for p+Pb colli-
sions at
√
s = 5020 GeV with centrality 0− 3%.
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FIG. 7. (color online) Same as in Fig 5 but for Au+Au colli-
sions at
√
s = 200 GeV and centrality 30− 40%.
and analogously for the directions along the flow
∆S⊥,3 =
∑p
i=1 cos
(
3
2 (φi −Ψ3)
)
p
−
∑m
i=1 cos
(
3
2 (φi −Ψ3)
)
m
.
(9)
The events-by-event distributions of ∆S3 and ∆S⊥,3 are
constructed for the real and reshuffled events to obtain
the distributions C3(∆S3) and C⊥,3(∆S⊥,3). Finally the
correlator for the charge splitting with respect to the
third order flow is calculated
R3(∆S3) =
C3(∆S3)
C⊥,3(∆S3)
. (10)
The results for the third order correlator are shown in
Figs. 5, 6, and 7. The convex deviation of the third order
correlator R3(∆S3) from 1 is visible for semi-central and
peripheral collisions of heavy ions, although the effect
is less pronounced than for the second order correlator
R(∆S). For central Pb+Pb collisions and for p+Pb col-
lisions no significant deviation of the correlator from 1
can be evidenced.
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FIG. 8. (color online) The correlator R(∆S) in Pb+Pb colli-
sions at
√
s = 2070 Gev and centrality 30 − 40%. The solid
line denotes the result with a perfect event-plane resolution,
and the dashed and dotted lines for the event plane defined
from charged particles with 2 < |η| < 4. The results from the
model including resonance decays is denoted with the dot-
ted line and the calculation with resonances and local charge
conservation with the dashed line.
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FIG. 9. (color online) Same as in Fig. 8 but for Au-Au
collisions at
√
s = 200 GeV and centrality 30− 40%.
V. EVENT PLANE RESOLUTION EFFECTS
The calculation of the charge splitting with respect to
Ψ2 and Ψ3 requires the reconstruction of the correspond-
ing event planes. In the model the deviation of the re-
constructed events plane Ψ2,3 from the true flow direction
Ψflow2,3 can be estimated. The actual result depends on
the particular definition of the event plane in the exper-
imental procedure. For illustration, one case is studied,
defining the event plane from 50% of charged particles
with 2 < |η| < 4 and 0.15 GeV< p⊥ < 2 GeV. Finite
event-plane resolution is expected to reduce to relative
differences between correlations for the in- and out-of-
plane directions.
Another aspect of the procedure, that influences the
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FIG. 10. (color online) Same as in Fig. 8 but for the correlator
R3(∆S) defined with respect to the third order event plane.
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FIG. 11. (color online) Same as in Fig. 9 but for the correlator
R3(∆S) defined with respect to the third order event plane.
∆S and ∆S3 distributions is the choice of the acceptance
window for charged particles used in the analysis and
the corresponding efficiency. By reducing the acceptance
window or by lowering the efficiency the distributions of
∆S and ∆S3 get broader. In this section we keep the
same acceptance window as before (|η| < 1, 0.15 GeV<
p⊥ < 2 GeV), but with an efficiency of 80%.
The results of the calculation for R(∆S) including the
effect of finite event-plane resolution are plotted in Figs.
8 and 9. Qualitatively, the results are not modified by
a finite event-plane resolution, but the deviation of the
correlator from 1 is smaller. The third order correlator
R3(∆S3) is more sensitive to a finite event-plane reso-
lution. The signal is weaker for R3 and the event-plane
resolution is usually much poorer for the triangular than
for the elliptic flow. The deviation of the third order
correlator from 1 is strongly reduced, or could be even
washed out by event-plane resolution effects (Figs. 10
and 11). In order to measure R3(∆S3) a setup allowing
for a good event-plane resolution should be used.
6VI. CONCLUSIONS
A correlator R(∆S) (Eq. 4) comparing the event-by-
event charge splitting in the directions along and per-
pendicular to the magnetic field in heavy-ion collisions
has been proposed as a sensitive probe of the chiral mag-
netic effect [19]. The presence of topological domains in
the deconfined phase should lead to an enhanced charge
splitting in the direction of the magnetic field giving a
convex shape of R(∆S). I show that qualitatively the
same behavior can be reproduced due to standard charge
correlations, such as resonance decays and local charge
conservation. The results of 3+1-dimensional hydrody-
namic simulations in Pb+Pb, p+Pb, and Au-Au colli-
sions show all a convex shape of R(∆S).
The results show that a convex shape of the charge
splitting observable R(∆S) cannot be used and unam-
biguous evidence of the chiral magnetic effect in heavy-
ion collisions. The background effects from standard phe-
nomena give a very large contribution to this observable.
It would be very challenging to calculate reliably and
subtract the background contribution from the measured
correlator in order to extract a possible signal of the chi-
ral magnetic effect.
If charge dependent correlations are due to resonance
decays and/or local charge conservation the charge split-
ting should have a third order azimuthal dependence
from the triangular flow. Simulations predict such an
effect. This new observable could be measured in experi-
ments that have a good event-plane resolution. It would
give an additional constraint on the background effects
present in the observables sensitive to the chiral magnetic
effect.
ACKNOWLEDGMENTS
The author thanks Adam Bzdak, Sandeeep Chatter-
jee, and Roy Lacey for discussions. Research supported
by the Polish Ministry of Science and Higher Educa-
tion (MNiSW), by the National Science Centre grant
2015/17/B/ST2/00101, as well as by PL-Grid Infrastruc-
ture.
[1] D. Kharzeev, Phys. Lett. B633, 260 (2006)
[2] K. Fukushima, D. E. Kharzeev, and H. J. Warringa,
Phys. Rev. D78, 074033 (2008)
[3] D. E. Kharzeev, J. Liao, S. A. Voloshin, and G. Wang,
Prog. Part. Nucl. Phys. 88, 1 (2016)
[4] S. A. Voloshin, Phys. Rev. C70, 057901 (2004)
[5] B. I. Abelev et al. (STAR), Phys. Rev. Lett. 103, 251601
(2009)
[6] L. Adamczyk et al. (STAR), Phys. Rev. C89, 044908
(2014)
[7] B. Abelev et al. (ALICE), Phys. Rev. Lett. 110, 012301
(2013)
[8] V. Khachatryan et al. (CMS), Phys. Rev. Lett. 118,
122301 (2017)
[9] L. Adamczyk et al. (STAR), Phys. Rev. C88, 064911
(2013)
[10] A. Bzdak, V. Koch, and J. Liao, Phys. Rev. C83, 014905
(2011)
[11] F. Wang, Phys. Rev. C81, 064902 (2010)
[12] S. Schlichting and S. Pratt, Phys. Rev. C83, 014913
(2011)
[13] A. Bzdak, V. Koch, and J. Liao, Lect. Notes Phys. 871,
503 (2013)
[14] S. A. Bass, P. Danielewicz, and S. Pratt, Phys. Rev. Lett.
85, 2689 (2000)
[15] S. Cheng et al., Phys. Rev. C69, 054906 (2004)
[16] P. Boz˙ek, Phys. Lett. B609, 247 (2005)
[17] P. Boz˙ek and W. Broniowski, Phys. Rev. Lett. 109,
062301 (2012)
[18] N. N. Ajitanand, R. A. Lacey, A. Taranenko, and J. M.
Alexander, Phys. Rev. C83, 011901 (2011)
[19] N. Magdy, S. Shi, J. Liao, N. Ajitanand, and R. A.
Lacey(2017), arXiv:1710.01717 [physics.data-an]
[20] R. Lacey (STAR Collaboration), talk given at the Work-
shop Phases of Quantum Chromodynamics (QCD) and
Beam Energy Scan Program with Heavy Ion Collisions,
Shanghai, China, Aug 15-18(2017)
[21] B. Schenke, S. Jeon, and C. Gale, Phys. Rev. Lett. 106,
042301 (2011)
[22] P. Boz˙ek, Phys. Rev. C85, 034901 (2012)
[23] M. Chojnacki, A. Kisiel, W. Florkowski, and W. Bro-
niowski, Comput. Phys. Commun. 183, 746 (2012)
[24] P. Boz˙ek and W. Broniowski, Phys. Rev. C96, 014904
(2017)
